Purpose: In clinical prosthetics procedures, including endodontics and post fixation, the presence of a smear layer can reduce the post bond strength. An Er,Cr:YSGG laser, which emits at 2780 nm, can promote a smear-layer-free surface due to the ablation process. Considering these aspects, the purpose of this work was to evaluate the influence of Er,Cr:YSGG laser irradiation using either a radial or an axial fiber tip on the bond strength of three resin cements to the fiber-reinforced composite posts. Materials and Methods: Ninety recently extracted single rooted human teeth had their root canal instrumented and were randomly distributed into nine experimental groups, in which three resin cements (total-etching Variolink II, self-etching Panavia F, and self-adhesive RelyX Unicem Aplicap) and three root canal treatments (no treatment, laser irradiation using the radial fiber tip, laser irradiation using the axial fiber tip) were used. Specimens were then sectioned into three sections (cervical, middle, and apical thirds) with two slices on each section. A push-out test was performed on each slice, and the values were recorded as MPa. The push-out data were analyzed by a Ryan-Joiner normality test followed by a two-way ANOVA test and Tukey pairwise comparison. The statistical analysis was performed on each third section separately, with a 5% significance level.
Posts are often used when there is extensive dental destruction, [1] [2] [3] but in several cases a collapse of dental structure associated with bacterial contamination happens. Endodontic treatment is essential to overcome such a risk, and it precedes the post placement; however, the root canal dentin manipulation may affect the post adhesive procedures. 4, 5 Additionally, the removal of the smear layer has been a concern not only for the final endodontic sealing but also for prosthetic procedures. 1, [4] [5] [6] [7] [8] [9] [10] [11] [12] The correct luting agent selection can be determinant for long-term success of restorations once there is better resin cement along with an adhesive strategy option for each post material. 13, 14 Moreover, the post must be perfectly bonded to the remaining dental structure, diminishing the risk of infiltration, which would lead to the loss of restoration. 15, 16 A smear layer causes tubule obliteration and, consequently, a decrease of the luting agent adhesion to dentin. 6 It can be e181 created during root canal treatment as well as during preparation for prosthetic core placement. Other clinical procedures can also leave residues or contaminants that interfere with the bonding between the post and the dentin. These residues include luting agent excess from previous root canal treatments, acrylic resin and Vaseline from core molding, temporary cement and core material, and saliva contamination. 10 Another important issue regarding post placement is the presence of bacterial contamination. It affects the post retention and also goes against the basic principles of bacterial reduction on endodontics, while it stands between the cement and the root canal, causing pain and even the loss of the dental structure. 6 The removal of contaminants from the root canal surface prior to post placement enhances retention, and so a debridement procedure of the post space walls should be performed before cementation. 10, 11, 17 Different approaches for cleaning root canals include pressure alteration devices, 18, 19 ultrasonic systems, 7, 19 and laser devices. 20, 21 A comparison of all these approaches has been performed, and the use of laser for the removal of debris was reported as the best solution for this purpose. 22 Er:YAG (@ 2940 nm) and Nd:YAG (@ 1064 nm) lasers were chosen for their ability to remove smear layers; however, Nd:YAG laser has a strong thermal effect, occluding dental tubules. On the other hand, erbium lasers are known for their ability to expose dental tubules. Er,Cr:YSGG lasers can be applied for that purpose. 23 Er,Cr:YSGG lasers (@ 2780 nm) present a resonance interaction with water and hydroxyapatite, the main components of dentin and enamel. During the ablation process, laser photons are absorbed by water on dental tissue, quickly increasing the temperature above the water evaporation temperature at the focal area. This process elevates the interstitial water pressure. It consequently breaks down adjacent tissue on an explosive process, removing all tissue and contaminants attached to it (e.g., smear layer). 24 Moreover, Er,Cr:YSGG laser irradiation on dentin surface is very safe [25] [26] [27] [28] and provides the exposure of dental tubules above the ablation threshold [29] [30] [31] and a better adherence of cement. The ablation process also promotes bacterial removal, increasing the success of the procedure. [32] [33] [34] [35] [36] [37] Two types of fiber tips are available on the market: a regular one (axial irradiation) and a side firing tip (radial irradiation). Both fiber tips are flexible, reaching the working length in curved canals in all areas of bacterial contamination. The axial fiber tip is indicated for general hard-and soft-tissue applications, suitable for root canal preparation, enlargement, debridement, and cleaning. Most of its photons direct forward. The radial firing fiber is indicated for access, cleaning, shaping, and disinfection after endodontic instrumentation. Due to its high numeric aperture, photons are more likely to irradiate the lateral dentine tubules, besides irradiating the apical region, potentially increasing the adhesion strength inside all canal areas.
Taking advantage of the bactericidal effect of Er,Cr:YSGG laser for endodontic procedures, we aimed to evaluate the dentin-post adherence after laser irradiation throughout the push-out test, varying the types of adhesive resin cement and the irradiation fiber tip. 
Materials and methods
Ninety recently extracted single rooted human teeth were used, and their coronal portion was removed at the proximal face of the cemento-enamel junction with a minimum root canal of 14 mm in length. All experiments were performed after ethical committee approval (CEP FOUSP #177/10) in accordance with technical specification ISO TS 11405. The teeth were randomized into nine groups (N = 10/group) comprised of different combination of cements (Variolink II, Panavia F, and RelyX Unicem Aplicap), Er,Cr:YSGG laser irradiation tips (axial and radial), and the control group (Table 1) . The bond strengths were measured by push-out test for all cements and irradiation conditions.
Tooth preparation
All root canals were instrumented with mechanical Protaper Universal (Dentsply, Bellaigues, Switzerland) rotary system files, in crown down technique, irrigated with 2 ml of 2.5% sodium hypochlorite. A manual K file #35 (Dentsply) was used to finish the root canal instrumentation. All root canals were then irrigated with distilled water, filled with standardized gutta-percha points (Dentsply, Petrópolis, Brazil) and root canal sealer AH Plus (Dentsply, Konstans, Germany). After sealing, all roots were stored at 37°C for 24 hours on a closed canister with 100% humidity. The roots were then randomly divided into nine groups (n = 10/each group) as described.
Post space preparation
A glass fiber-reinforced composite root canal post (Postec plus #3; Ivoclar, Schaan, Liechtenstein), 10 mm in length (from cervical), was used. To remove the gutta-percha and enlarge the root canal, a sequence of Gates Glidden burs increasing in diameter was used. The post space was shaped with the lowspeed preparation bur provided in the post system kit. The root canal was flushed with 2 ml of NaOCl and 5 ml of distilled water to neutralize chemical traces.
Laser irradiation
Er,Cr:YSGG laser (Waterlase; Biolase, San Clemente, CA) emitting at 2780 nm with 20 Hz repetition rate was used. Each root canal was laser irradiated using one of the two types of laser fiber tips, axial and radial irradiation. An exchangeable 400 μm axial fiber tip, model Z4 (Biolase) with settings for 37:34% (water:air) was used. Instead of compressed air, pure nitrogen gas 99.999% (N 2 5.0; White Martins, Bauru, Brazil) was connected to the laser device to avoid any contamination from the air spray. A sapphire radial fiber laser tip endolase RTF3 (Biolase), 415 μm diameter and 17 mm length, was used. The average laser power was 1.2 W at a repetition rate of 15 Hz and pulse duration of 140 μs (59.14 J/cm 2 ) with settings for 37:34% (water:air). The fiber was inserted into the root canal to the apex and pulled from the apical to the coronal end in helical movements (2 mm/sec), five times with breaks of 20 seconds between each laser irradiation.
Post surface preparation
Following the manufacturer's instructions, the post surface was etched with 37% phosphoric acid for 1 minute, rinsed with water, dried and coated with a layer of Monobond primer (Ivoclar, Schaan, Liechtenstein). After 1 minute, the post surface was carefully dried for 15 seconds with airflow, and the surface was not touched until its placement.
Post fixation
The FRC posts were immediately cemented after post space preparation (control groups) or laser irradiation. It was manually held in place under pressure for 2 minutes to mimic the clinical situation. All specimens were then light cured for 60 seconds with a power density of 500 mW/cm 2 (Optilight plus; Gnatus, Ribeirão Preto, Brazil) and stored in labeled containers with 100% humidity at 37°C for 48 hours.
Three groups for dual-curing luting adhesive composite were used: total etching, self-etching, and self-adhesive. In the total etching group, dentin was etched with 37% phosphoric acid for 15 seconds, rinsed with water, and dried with tapered endodontic paper points until the dentin surface had a glossy wet appearance. The dual-curing dental adhesive Excite DSC (Ivoclar) was applied in two steps, with the second lining 30 seconds after the first. The adhesive excess was removed with paper points. The Variolink II (Ivoclar) luting cement, prepared at a ratio of 1:1 of base and low viscosity catalyst, was applied to hold the fiber post in place.
In the self-etching groups, equal amounts of primer A and B (ED primer) were mixed and applied with an endodontic micro brush, and the surplus was removed after 30 seconds. The Panavia F cement (Kuraray Medical, Okayama, Japan) paste A and B were mixed in equal parts for 20 seconds, applied in the root canal, and the post settled. A layer of Oxygard II (Kuraray Medical) was applied to avoid oxygen contact during the cement set, following manufacturer's recommendations.
In self-adhesive groups, RelyX Unicem Aplicap (3M ESPE AG, Seefeld, Germany) capsules were activated (Aplicap Activator; 3M ESPE AG) and mixed in a high-frequency mixer for 20 seconds. After the cleaning process, the cement was applied with elongation tip, and the fiber post was settled.
Preparation of the specimen for push-out test
Each root was sectioned in six slices perpendicular to the post axis (2 cervical, 2 middle 2 apical thirds) using a cutting machine (Accutom 5; Struers, Cleveland, OH). Each slice was 1 mm thick, measured by a digital caliper (Mitutoyo, Kawasaki, Japan). The bonding surface area of the post for each slice was calculated according to the conical section A = π(R + r ) (R − r ) 2 + H 2 , where R represents the coronal post radius, r is the apical post radius, and H is the thickness of the slice.
The specimens were positioned into a universal testing machine (5567; Instron, Norwood, MA) within a centralizing plate to ensure the load application at the post center. The load was applied from apical to cervical, due to the post conical shape, with a 0.5 mm/min crosshead speed until obtaining the maximum failure load. Push-out strength (), expressed in Mega Pascals (MPa), was obtained by the expression = F/A, were F is the force load at failure (Newton), and A is the conical surface area (mm 2 ).
Statistical analysis
Push-out bond strength data were tested regarding normality using Ryan-Joiner test. Considering two different independent variables (type of irradiation and type of cement), a two-way ANOVA test was applied following a Tukey pairwise comparison with a significance level of p = 0.05 using Minitab Statistical Software 17 (Minitab Inc., State College, PA). All statistical analyses were performed for each tooth third separately due to their different biological characteristics.
Results
All tested groups presented a normal distribution. The bond strength data obtained from push-out test for the different groups are represented by their means and standard error n Figure 1 . Pairwise comparison of the axial and radial tips at the different tooth regions is also shown in Figure 1 .
Values of bond strength found in control groups were in accordance with the literature. 38 There was no statistical difference between the control group and irradiated groups at any third region evaluated for Variolink II and Panavia F. For RelyX cement, the bond strength was statistically different from the control at the cervical (p < 0.001) and middle (p < 0.001) thirds of the irradiated root with the axial fiber tip. No statistical differences were observed (p > 0.05) between control groups for each third, except for the middle third of Panavia F.
The middle third comparison showed that RelyX adhesive resin cement irradiated with axial laser tip presented a statistically higher bond strength compared to Variolink II (p < 0.001) and Panavia F (p = 0.001). When the comparison was made considering different laser tips, the axial one presented a statistically higher bond strength than the radial fiber tip for RelyX adhesive resin cement (p < 0.001); however, there was no difference between laser tips when other resin cements were analyzed.
At the apical third group, the root canal irradiated with axial fiber tip and cemented with RelyX had a higher bond strength value compared to Panavia F and Variolink II irradiated with the same tip (p = 0.001). That was also the case when the comparison was performed with Variolink II irradiated with radial fiber tip (p < 0.001). 
Discussion
According to our work, the root canal irradiated with Er,Cr:YSGG laser with an axial fiber tip and cemented with RelyX Unicem Aplicap had the best bond strength. This is due to the better interaction of the self-adhesive system with the dentin surface, which was free from extraneous matter. Because no other procedure is performed before post placement in the self-adhesive RelyX Unicem Aplicap system, laser irradiation removes the smear layer, exposing dental tubules and improving mechanical retention by increasing the surface area. 21 In total etching technique with Variolink II, the phosphoric acid treatment removes debris and peritubular dentin, exposing dentin tubules, 39 and strengthening the interaction with the adhesive coating. On the other hand, the use of Er,Cr:YSGG laser improves tubule exposure by ablating dentin surface inside the root canal. The presence of the acid conditioner on total etching technique impairs laser irradiation effectiveness on the bond strength once they both act on removing the smear layer. Thus, no statistically significant difference was found for Variolink II with both laser tips at any third region.
When self-etching adhesive cement (Panavia F) is applied, it reacts with the smear layer. This reaction does not remove smear layer but seals the dentin. The weak acidity of the primer produces a shallow etching depth and thus, few dentinal tubules are exposed. 39 Laser-irradiated groups have less smear layer due to the ablation process. Consequently, the primer of selfadhesive composite does not have enough substrate to adhere to, possibly leading to a weaker bond strength. In the present study, no differences were observed among laser-irradiated and control groups for Panavia F, independent of the fiber tips used. Therefore, bacterial reduction provided by Er,Cr:YSGG laser irradiation [32] [33] [34] [35] [36] [37] can be achieved without changing the post adherence strength.
The irradiation with radial fiber tip did not show any advantage over the axial fiber. None of the radial fibers presented differences compared to control groups for all cements used. The differences of bacterial reduction for the different fiber tips are beyond the scope of this work and require further studies.
Conclusions
The results of the current study showed:
1. Er,Cr:YSGG laser irradiation with radial laser tip did not present clear advantage over the axial laser tip in all experimental groups tested. 2. An enhancement in bond strength compared to the control group was obtained for the self-adhesive (RelyX Unicem Aplicap) cement after Er,Cr:YSGG laser irradiation with an axial fiber tip. No change in bond strength was observed in the other cement systems. 3. In every case, the use of Er,Cr:YSGG laser presents the advantage of bacterial reduction previously described in the literature. [32] [33] [34] [35] [36] [37] Aging effects should be a focus of further research, by thermo-mechanical cycling of specimens; however, this procedure could be adopted as a clinical routine once it allows bacterial reduction and bond strength enhancement for selfadhesive systems.
